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I. INTRODUCTION 



The present experimental efforts [jT| to determine the strangeness content of the nucleon 
have led to considerable interest in nucleon models which include pionic and kaonic clouds. 
For example, one way to model the strangeness content of the nucleon is to regard it as 
having a KK component |^. 

In the cloudy bag model 0,^, the pion field required by chiral symmetry is quantized and 
coupled to the quarks in an MIT bag |Q. This leads to a model that includes relativistic 
quark wave functions and quark confinement as well as respecting chiral symmetry. The 
cloudy bag model was applied to computing tt- and K-nucleon scattering 0; baryon 
electromagnetic and axial form factors |jlO[|; Ml radiative decays of mesons of both 



light and heavy flavor ||TT| and most recently deep- inelastic scattering [|l^. Generally good 
agreement with experiment was obtained. Moreover, the model provided a framework for 
nuclear physics which included the old meson cloud physics along with the new quark degrees 
of freedom in a consistent theoretical framework ||^. 

Recently, Musolf and Burkardt |13[ and Koepf and Henley have argued that the 
standard computation of the nucleon electromagnetic form factors within such composite 
models is not gauge invariant. An attempt was made to remedy this perceived problem 
by adding a contact interaction, as suggested by Gross and Riska |T^, or by applying the 
minimal substitution prescription of Ohta [|l6l. These "extra" terms can be relatively large, 
especially when applied to the kaon cloud. 

Of course, questions of local gauge invariance arise quite generally in nuclear physics, 
where one often works with effective meson-nucleon interactions involving momentum depen- 
dent vertex functions. We recall that the cloudy bag model electromagnetic form factors are 
most accurately calculated in the Breit frame in which the initial momentum of the nucleon 
is —qjli the final momentum is g/2 and the energy transferred to the target nucleon van- 
ishes. The use of this special frame was necessary because the evaluations of the model were 
not covariant and because recoil effects were not included. The problems associated with 
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this deficiency can be reduced by limiting the energy of each nucleon to vn?. Once 

obtained, the form factors can be used in any frame, under the restriction that —q^ /Am? be 
smaU. 

Although the underlying, quark-level Lagrangian respects electromagnetic gauge invari- 
ance, the CBM does not respect gauge invariance in all frames. In this paper we show that 
the CBM respects gauge invariance in the Breit frame and, therefore, that in this frame no 
extra terms need to be added for calculating the nucleon electromagnetic form factors. In 
order to prove this result one must include the vertex correction illustrated in Fig. 1(b), 
which was omitted in Ref. [14]. 

The use of the Breit frame was essential to the CBM (as to all the older, static source, 
meson theories [17, 18]]) where the source has known internal structure - the MIT bag [5]. 
In a static model in contrast, there is no difference between a nucleon of momentum and 
—q/'2, so that the choice of the Breit frame was imphcit in the identification oIGe{Q'^) with 
the matrix element of j^, while the matrix element of j was identified with Gm{Q^)- 

II. CALCULATIONS 

Calculations of electromagnetic form factors, T^, and nucleon self-energies, E, obey elec- 
tromagnetic gauge invariance if the Ward identity for nucleons of mass m: 

q,r^{p',p) = s-\p')-S'\p) , (1) 

is satisfied. Here the inverse propagator of the nucleon is S~^{p) = j ■ p — m — E(p) and 
p' — p + q. As we have already explained, the CBM is not covariant. All calculations of 
electromagnetic form factors were made in time-ordered perturbation theory with on-mass- 
shell nucleons. Indeed there was no discussion on how to continue the model off-mass-shell. 
Thus, the only legitimate concern over gauge invariance within the model, is that Eq. (1) 
is satisfied when evaluated between on- mass-shell spinors u{p') and u(p). That is, we need 
to check whether 
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qMpT'{p':PHp) = Hp') [s-\p') - s-\p)] u{p). (2) 

It is useful to start by evaluating the cloudy bag model (CBM) value of Scbm(p') — 
Scsm(p)- We use the loop integral formulation of the cloudy bag model, introduced by 
Koepf and Henley, to evaluate these quantities. Then 

m = ^^g'l (0I75/(A;)5(P - k)f{kh,A{k), (3) 

where A is the pion propagator, f{k) is the cloudy bag model form factor {f{k) — 
3ji{\k\R)/\k\R, with R the radius of the bag) and g is the pion nucleon coupling constant. 
We use the pseudoscalar form of the cloudy bag model, but the pseudovector version yields 
the same result, as we shall see. 



(a) (b) (c) 

Figure 1: Contributions to the nucleon electromagnetic form factors. 

We have already noted that the CBM involves only on-mass-shell nucleons. The effects 

of NN pairs were not included in the model - they were supposed to be suppressed by form 

factors for the composite particle. Thus, for the bare nucleon propagator it is consistent 

with the CBM to use the form 

1 -f^E{p) -^-p + m ^ m u{p)u{p) 
^ 2E{p) - E{p) + ie 2E{p) pO - E{p) +ie ^ ' 

where E{p) — y/p^~+m^. The pseudovector and pseudoscalar interactions have the same 

matrix elements between on-shell spinors, so this is the equality mentioned above. From 

Eq. (4) we see that all that enters the dressed nucleon propagator in the CBM is the matrix 

element of E between on-shell spinors. Therefore the self-energy in the CBM was effectively 

the Dirac scalar quantity T^cbm{p)- 

^cs.ip) ^ 3./ / JpL /Wj uip),.kuip) 

^ J (27r)4 2E{p- k) p^-k^- E{p- k)+i€ ^ ^ 
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We do the dk^ integral over the lower half plane, so that ^ Uk — ^Jk"^ -\- ml . A simple 
evaluation shows that 

Scbm(p) = T^cBum p\),p) = ^^h{\ p\) + ^-^^^ (6) 

where 



jn^\^-^9' f d'k p{\k\) 1 

'^'^'^ 4 J{27ryE{\p-k\)u;k + E{\p-k\)-E{\p\)' 



and 



f d^k n\k\) k-p 

'^1^1^ 4 J {271^ E{\p-k\)u;k + E{\p-k\)-E{\p\) ' 



In the Breit frame | p' | = | pHq \ /2 and E{p') ^E{\p\)^ yj^ + m?. Since Eq. (6) 

shows that the self energy depends only on | p |, it is then clear that 

^cbm{p) - ^cbm{p) = , (9) 

in this frame. 

Considering first the bare vertex, 7^, shown in Fig. 1(a), wc see that its contraction with 
qfjt cancels the term 7 - p' — 7 - p on the right hand side of Eq. (1). This means that all that is 
needed to demonstrate the electromagnetic gauge invariance of the CBM in the Breit frame 
is to show that qnu{p')\r^BM{p' ^P) - 7^]^(p) = 0. 

There are two contributions to ^cbm{p' iP) —j'^- There is a vertex contribution V'^{p',p) 
in which the photon hits the nucleon while the pion is in the air (Fig. 1(b)), and the 
direct term T^{p',p) in which the photon couples to a charged pion (Fig. 1(c)). Then 
u{p')[ri' - 7'']'u(p) = 1/'' + r(^. 

It is straightforward to obtain 

q,V^{p',p) = igMp') J ^75/(^)^(p - ■ qS{p' - k)f{kh,u{p)A{k'). (10) 

But 

S{p - k)-f ■ qS{p' -k)^ S{p -k)- S{p' - k) , (11) 



so that 

q,V'^ = lim-W)) , (12) 

and from Eq.(9) we have 

g^^^ = . (13) 

Now consider qfj,Ti^. The Feynman graph is given by 

q,T^^{p\p) = i2g^ j ^^u{p')^,f{k - q/2)S{p - k + q/2)f{k + q/2)^,u{p) (14) 

A(fc - g/2)A(A; + q/2){{k + q/2f - {k - q/2f), (15) 

in which we have replaced the original integration variable k by k — q/2. Then use Eq.(4) 
in the Breit frame (g° = 0) to obtain 

AP,P) 4 J ^27Ty E{k){E{q/2) - k^ - E{k)) 
A{k - q/2)f{k - q/2)A{k + q/2)f{k + q/2){{k + q/2f - {k - q/2)'). (16) 

Consider the d^k integral for fixed fc", with 7 ■ = {'-/^k^ — 7 ■ fc). The coefficient of the 
7*^^" term vanishes since it is multiplied by an odd function of k. Furthermore, the integral 
d^k of the 7 ■ k term must be proportional to 7 ■ (f because p = q/2 = —p'. However, 
u{q/2)^ ■ qu{—q/2) = 0. Thus we have q^l'^ip'yp) = 0. Other terms, such as the anomalous 
magnetic coupling to the intermediate nucleon, the influence of intermediate A states and 
the effects of the pion-quark-photon contact interaction |l^ are individually gauge invariant. 
This means that the proof that the CBM respects electromagnetic gauge invariance in the 
Breit frame is complete. 



III. DISCUSSION 

We recognize that the utility of the result proved above is limited. It would be better 
to use a fully covariant model so that one could verify the Ward identity in any frame. No 
such model involving quarks, mesons and photons exists. The present work is limited to the 
goal of showing that the cloudy bag model was not grossly incorrect. 
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